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Division of Neurosurgery. University of Pennsylvania. Philadelphia. Pennsylvania. U.S.A. Summary: Cerebral ischemia was produced in anesthe tized cats using a neck tourniquet, which diminished cor tical blood flow to <2 ml/100 g/min and depleted levels of ATP throughout the brain. Following a 30-min insult, cortical flow measured with H2 electrodes returned nearly to control, but subsequently decreased to 14-47% of con trol values. Despite this secondary hypoperfusion, ATP levels adjacent to the H2 electrode were restored to 75% of normal during the 2-h recirculation period. Therefore, this degree of hypoperfusion did not cause a secondary
In several experimental models of temporary ce rebral ischemia, recirculation is characterized by initial hyperemia, followed by decreasing perfusion, in some cases to <50% of normal flow (Hossmann et a!., 1973; Ginsberg et a!., 1978; Levy et aI., 1979; Pulsinelli et a!., 1982; Kagstr6m et aI., 1983) . One of the critical issues is whether this hypoperfusion causes a secondary episode of ischemia. Alterna tively, post ischemic hypoperfusion may simply be the result of decreased metabolic rate (Steen et aI., 1978; Pulsinelli et aI., 1982) . Since postischemic blood flow and metabolite levels are often region ally heterogeneous (Hallenbeck and Bradley, 1977; Ginsberg et a!., 1978; Welsh et aI., 1978; Paschen et aI., 1983) , it would be advantageous to measure local flow and metabolite levels in the same tissue sample. In the present study, therefore, we have attempted to combine the hydrogen clearance method for local blood flow with regional measure ment of metabolite levels. failure of energy metabolism. Following a 60-min insult, impaired reperfusion prevented the regeneration of brain ATP. However, preischemic bilateral craniectomies sig nificantly improved recovery of blood flow and ATP levels following 60 min of ischemia. Therefore, in the present model, insufficient reflow is a primary factor lim iting recovery of energy metabolism. Further, surgical de compression prevented the occurrence of "no reflow" caused by 60 min of ischemia. Key Words: ATP-Blood flow -Ischemia-Regional metabolites. ketamine (20 mg/kg), immobilized with gallamine, and ventilated mechanically with a mixture of 75% N20 and 25% 00, Respiratory rate and volume were adjusted to give an end-tidal CO2 of 4.0%, and rectal temperature was maintained at 38°C using a heating lamp. A femoral cath eter was inserted for measurement of arterial pressure and blood gases. The head of the animal was placed into a stereotaxic frame, the cranium exposed, and brass screws inserted (frontoparietal) for recording the EEG.
Cerebral ischemia was produced by tightening a tour niquet around the neck of the animal above the tracheal cannula. EEG activity disappeared within I min of tour niquet application. During ischemia, the temperature at the surface of the cortex declined gradually to 33°C by 30 min. After 30 (n = 4) or 60 (n = 5) min of ischemia, the brain was frozen in situ for regional determination of metabolite levels. In additional animals, recirculation was attempted by removing the neck tourniquet and sup porting arterial pressure above 100 mm Hg using meta raminol. Animals were recirculated for 120 min foll owing 30 (n = 3) or 60 (n = 6) min of ischemia. In six additional animals, large craniectomies were performed bilaterally prior to 60-min ischemia and 120-min recovery. Finally, three animals were craniectomized, and the ex posed cortex was superfused with saline warmed to 37°C during the 60-min period of ischemia.
Cortical blood flow
Blood flow was measured using the H2 clearance method (Pasztor et aI., 1973) . A I-mm hole was drilled through the bone over the lateral gyrus of the right hemi sphere at the level of the anterior hippocampus (see Figs. I and 3 for location). In animals undergoing recirculation, placement of the electrode was delayed until the onset of the recovery period. Within 2 min of removal of the tour niquet, a platinized Pt-Ir electrode (F. Haer & Co., Bruns wick, ME, U.S.A.), 100 J.1m in diameter with a I-mm exposed tip, was lowered 2 mm into the lateral gyrus. H2 was added to the inspired gas mixture (5-10%), and the washout curves were recorded on a strip chart. The clear ance curves were replotted on semilog paper and flow values calculated from the monoexponential rate con stant. Biexponential curves were observed in only three cases, which were excluded from the present study.
Cerebral metabolites
The brain was frozen in situ with liquid N2 (Welsh and Rieder, 1978) . After 10 min of freezing, the brain was sectioned coronally at the level of the Ho electrode using a vibrating saw. In a glove box refrigerated to -25°C, 4-10 samples were dissected using a 16-gauge needle, one of the samples from the region adjacent to the H2 elec trode (see Figs. I and 3). Samples were weighed (0.5-1.0 mg) at -2YC on a Cahn electrobalance and added to 40 ILl O. INN aO H in methanol. After 10 min at -25°C, 100 ILl 0.1 N NaOH was added at O°C, and the mixture was heated for 10 min at 60°C to inactivate tissue enzymes. The extract was analyzed in duplicate for lactate and singly for ATP and phosphocreatine using enzymatic fluo rometric assays (Lowry and Passonneau, 1972) .
The significance of differences between groups was an alyzed using the Dunnett test for multiple comparisons (Dunnett, 1964) .
RESULTS

Blood flow and regional metabolites during ischemia
In nonischemic controls, cortical blood flow av eraged 72 ± 7 mlilOO g/min (± SEM, n = 23). During ischemia, blood flow was not completely abolished, as evidenced by the uptake of small quantities of H2. To estimate the amount of flow during ischemia, H2 was administered prior to ap plication of the tourniquet. The clearance of Hz during ischemia indicated that the residual flow was <2 mlllOO g/min.
Cortical levels of ATP were depleted at 30 min (Table I) , and lactate levels increased to 17 and 24 mmol/kg at 30 and 60 min, respectively. The accu mulation of lactate was not uniform within the ce rebral cortex (Fig. I) . Lactate levels in the cortical sulci were 20% higher than those in the lateral or midline gyri at 60 min of ischemia. Lactate levels in white matter were 25% lower than the cortical average.
Postischemic flow and metabolite levels
Following 30 min of ischemia, blood flow was restored to >30 mill 00 g/min in each of three ani mals, but the time course of recirculation varied considerably (Fig. 2) . Despite the perfusion varia tions, ATP was regenerated to 69-78% of control values. Higher than normal flow occurred in one case (animal no. 2), but was followed by a reduction to an extremely low level (10 mlllOO g/min). How ever, this degree of hypoperfusion did not grossly affect ATP levels adjacent to the Hz electrode. Re gionally uniform recovery of ATP occurred in two of the three animals. However, in the third (animal no. 3), ATP levels varied widely in different regions of brain ( Fig. 3) . Thus, although the ATP level was 1.7 mmoIlkg near the Hz electrode, values as low as 0.1 mmol/kg occurred in the depths of the cor tical sulci.
Following 60 min of ischemia, restoration of flow and ATP was seriously compromised in four of six animals (Fig. 4 ). In two cases, blood flow never returned (animal nos. ] and 5), whereas in two other animals (nos. 4 and 6), perfusion returned to 30 mll 100 g/min before declining to <]0 mlllOO g/min. In the remaining two animals, flow increased gradually to 40-60 mlllOO g/min, and ATP was restored to].O mmol/kg (43% of control).
Effect of surgical decompression
Bilateral craniectomy significantly increased the recovery of flow and ATP levels following a 60-min insult (Fig. 5 ). Blood flow returned to greater than control in all cases, although the time course varied in different animals. ATP was restored to 53-76% of control in five of the animals, but was <5% of control in the sixth (animal no. 4). Interestingly, an imal no. 4 had the highest final flow of this group.
In three additional decompressed animals, the cortical surface was bathed with fluid at 37°C during 60 min of ischemia to counteract cortical hypo thermia. In these animals, postischemic flow was promptly restored, and ATP levels recovered to >50% of control (Fig. 6) .
To evaluate the effects of decompression on met abolic recovery in the "whole brain," metabolite levels in the 10 regions shown in Fig. 1 groups were significantly higher than in the skull intact group. Phosphocreatine and lactate levels also recovered more in the decompressed groups, but the differences were not statistically significant owing to the large scatter within the skull-intact group. Ta ble 2 also shows that the mean arterial pressure, averaged over the recirculation period, was lowest in the skull-intact group, although the difference was not significant at the p < 0.05 level.
DISCUSSION
The present experimental model produces nearly complete cerebral ischemia (C BF < 2 mlll00 gl min), sufficient to deplete ATP levels throughout the brain. The limited accumulation of lactate at 30 min (17 mmol/kg) is only slightly greater than that resulting from complete ischemia in the rat (Ljung gren et aI., 1974b). The increase in lactate between 30 and 60 min ( + 7 mmol/kg) may be the combined effect of (a) the residual delivery of glucose to the brain and (b) the continued conversion of endoge nous substances to lactate. In contrast to the uni form depletion of ATP, levels of lactate at 60 min of ischemia varied by as much as 40% in different re gions. Similar to previous findings (Welsh et aI., 1978) , the smallest accumulation occurred in cere bral white matter. In the present study, lactate ac cumulation in the cortical sulci was significantly greater than in the two cortical gyri sampled. This difference may have resulted from the settling of stagnant blood in the sulci, thus providing more glu-. cose to the tissue. The cortical sulci are known to be more vulnerable to ischemic damage (Brierley, 1976) and to focal energy failure [ Fig. 3 ; see also Welsh et al. (1982) and Paschen et al. (1983) ]. The relative vulnerability of the sulci has been attributed to the proximity to arterial boundary zones and thus to impaired postischemic perfusion (Paschen et aI., 1983) . However, the present results indicate that changes occurring during ischemia, such as in creased lactate, may also adversely affect recovery.
Correlation between postischemic flow and A TP recovery
Blood flow, measured in the lateral gyrus of the cerebral cortex, was restored following a 30-min in- suit, but did not reach preischemic levels in two of the three animals. Indeed, during the second hour of recirculation, flow was in the range of 10-34 ml! 100 g/min (14-47% of control). Despite this hypo perfusion, ATP levels in the vicinity of the electrode recovered substantially. Failure of ATP levels to normalize completely is most likely due to the dim inution of the adenyl ate pool that accompanies pro longed periods of ischemia (Kleihues et aI., 1974) . The regions from which flow and ATP were mea sured do not correspond exactly, since the volume of tissue measured by the H2 electrode is impre cisely known (Young, 1980) . Estimates of radial dis tances measured using electrodes with 100-J..L m tips are in the range of 1-2 mm (Halsey et aI., 1977) . In the present study, the metabolite samples were within the volume of tissue measured by the elec trode, but did not correspond to the entire electrode field. Therefore, the conclusion that postischemic energy state was maintained with blood flow as low as 10 ml/lOO g/min is provisional. However, previous studies using parallel groups of animals also have indicated that postischemic blood flow may be as low as 30% of normal without interfering with energy metabolism (Ginsberg et aI., 1978; Welsh et aI., 1978; Pulsinelli et aI., 1982; Pul sinelli and Duffy, 1983; Kagstrom et aI., 1983; Ljunggren et aI., 1974a) . These results suggest a depression in rate of metabolism, yet direct mea surement of postischemic metabolic rates have yielded conflicting results. Thus, a decreased con sumption of oxygen was reported during the first hour of postischemic recirculation following global ischemia (Hossmann et aI., 1976; Nordstrom and Rehncrona, 1977; Steen et aI., 1978) . A depressed rate of regional glucose utilization persisted for sev eral days following 30 min of forebrain ischemia in the rat (Pulsinelli et aI., 1982) . Conversely, in creased rates of postischemic metabolism have also been reported following global ischemia (Levy and Duffy, 1977; Nemoto et aI., 1981) . It is possible that differences in the duration and degree of ischemia, as well as the methods used to measure metabolic rate, may account for these discrepancies. How ever, the present results indicate that the postisch emic metabolic demand is below normal; otherwise, ATP levels could not be maintained by the low levels of measured flow.
Effect of surgical decompression
Prolongation of the duration of ischemia to 60 min profoundly impaired restoration of blood flow and ATP levels. In contrast, animals with bilateral cran iectomy restored blood flow to >70 mlilOO g/min in all cases, although one of the six animals was unable to regenerate and maintain substantial amounts of ATP. Therefore, providing the brain with extra space with which to expand significantly improved restoration of flow and energy metabolism. These results suggest that in the present model, blood flow was a primary factor limiting the recovery of energy metabolism. In the decompressed animal in which ATP was not regenerated, the restoration of blood flow was delayed, suggesting that prompt recircu lation is essential for recovery of energy metabo lism. The beneficial effect of decompression was not due to cooling of the exposed cortex, since cor tices maintained at 37°C (warmer than with skull intact) exhibited comparable recovery of blood flow and energy state. Craniectomized animals main-J Cereb Blood Flow Metabol, Vol. 4, No.3, 1984 tained higher levels of arterial pressure during the postischemic period, compared with animals with the skull intact. Although this difference was not statistically significant, a small increment in arterial pressure may have contributed to the improvement in cerebral reperfusion.
Restoration of CBF is a prerequisite for the post ischemic recovery of energy metabolism. In the present model, regeneration of ATP was compatible with blood flow as low as 20% of control levels. However, restoration of flow to this level did not guarantee recovery of energy metabolism (Fig. 4 , animal nos. 4 and 6). Therefore, blood flow is not the only factor that may limit recovery of energy metabolism. Particularly in models of incomplete ischemia in which lactate levels exceed 30 mmoli kg, intrinsic cellular damage may be the primary pathomechanism, with perfusion failure occurring secondarily (Welsh et aI., 1982) .
